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Abstract

The Cygnus experiment at Los Alamos National Laboratory has been
designed to study, vith high angular accuracy, point sources of gamma rays
of energy above 103¢ V. The experimental detector consists of an air
shover array to observe gamma-ray shovers and a shielded, large-area track
detector to study the suon content of the shovers. In this paper ve
present preliminary data from the array and describe its performance.

Introduction

The study of ultra-high-energy cosmic ray gamza rays provides an
exciting nev vindov to explore the origin of high-energy cosmic rays
(A. M. Hillas 1984). The interest in this field has growvn steadily since
the first report ot observations of point sources (Stepanian et. al.,
1972, Ramanmurthy and Veekes 1982, A. A. Vatson 1985). The reports of the
Kiel group (Samorsky and Stamm 1983) shoved strong evidence for a signal
from Cygnus X-3, that gshoved phase correlation vith the orbital period as
seen in X-rays. This result also suggested that the observed shovers had a
ruon content auch higher than wvould be expected from gamma-ray-induced
shovers. Since then, other experiments using both air shovers techniques
and underground muon detectors have reported results o{ varying statistical
significance. If shovers from Cygnus X-3 are suon rich relative to expec-
tation they ®may indicate the existence of nev particle physics phenomena
either at the source or in the interactions of high-energy gemma rays with
atmospheric nuclei (Barnhill et. al., 1985). None of these experiments
(Kiel excepted) has shovn a significant signal vithout the wuse of phase
analysis.

The Cygnus experiment at Los Alamos National Laboratory vas designed
tu search for the pressnce of point sources of ultra-high-onergy gamma rays
and to study the =muon content of their air shovers. This detector vas
designed to have an angular accuracy of better than 1°, in order to improve
the signal-to-background ratio of this experiment. Los Alamos vas chosen
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as the location of this experiment for several reasons. First, there
exists at LAMPF a vorking, fine-grained track detector (E225), vhich can be
used to detect muons in a clear and unambiguous manner. Second, the detec-
tor is lccated at an altitude of 7000’, vhich allows zhis experiment to ob-
serve shovers produced from lover energy gamma rzys than previous air
shover experiments done at lover altitudes. Third, the facilities of Los
Alamos National Laboratory vere available to facilitate the construction
and operation of this experiment.

EAS Detector Design

The EAS detector consists of 64 counters placed in an array of radius
60 meters vith a typical separation of 14 meters. Each counter contains a
scintillator, approximately 1l-m? by 8-cm thick, vith a 2-inch
photomultiplier tube positioned 70 cm above the scintillator. Single mini-
mun-ionizing particles selected by small scintillator paddles result in a
timing resolution of standard deviation 1.6 ns and produce about 20
photoelectrons in the photomultiplier tube.

EAS Trigger

Every counter is used in making the trigger decision as vell as in
giving puise-height and timing information. The basic trigger requires
that a given nuaber of counters sust fire their individual discriminators
vithin a 300 ns interval, the time for an EAS vith a zenith angle of 45° to
the array. The discriminators responsible for the trigger are also used to
determine the timing, so the threshold is set very lov, about 1/10 of a
minimum ionizing particle, in order to fire the discriminator on the
earliest photoelectron.

A sc tvare cut is implemented to eliminate non-analyzable shovers
before they are recorded on magnetic tape, vhich reduces our data-taking
rate by sbout a factor of five. Figure 1 shovs the online display of a
typical event that passes the softvare criteria.

Muon Detector

Muon information is also recorded for every trigger. The muon detec-
tor vas designed for studying the elastic scattering of accelera-
tor-produced neutrinos vith electrons (E223) and is currently being used
for that purpose (Allen, 1985). A multiplexing circuit allovs both the
neutrino and the air shover experiment to use the detector simultaneously.
The detector is shielded above by 1700 g/cm? of steel and concrete. Tvo
components of the detector - the multivire proportional chambers (MVPCs)
and the flash chamber calorimeter - are used to determine the muon content
and direction {n shovers. The MVPCs surround the detector vith four layers
on all six valls except the floor, vhich has only one layer. Each MVPC is
typically 520-:m long by 20-cm vide by 5-cm thick and the horizontal area
is 36 m?. The suon number can be determined exactly for small numbers and
systenatically for higher densities.
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The 208,000 flash chambers cover a volume of 350 by 305 by 348 cm? and
have sufficient resolution to determine the muon direction and number, as
can be seen from the example of Pig. 2. Simulations of a fitting algorithm
gnov that 95X of the tracks can be reconstructed to within 0.5°. Hovever,

the flash chambers cannot be triggered for all EASs, which come at a rate
of 1.2 Hz.

Smart Trigger

The rate at vhich it is reasonable to fire the flash chambers in the
E225 calorimeter is 0.02 Hz. It vas necessary therefore to reduce the rate
of triggers to the E225 detector by a factor greater than 50. A comput-
er-controlled hardvare trigger vas devised to allov only events that come
from a specified direction to trigger E225. This smart trigger vas needed
because the flash chambers must be fired vithin a microsecond of particles
traversing it. This does not allov for timing information to be digitized
or processed. The direction of & suspected source wmoves 1° in four
minutes; hence the trigger must be continually updated. This is
accomplished by the use of ECLine Camac programmable logic delays. The
gates for this trigger are set to a vidth of 8 ns and the relative delays
of each counter ere set to zero for shovers coming from the source direc-
tion. A multiplicity coincidence level is set and only shovers coming near
the desired direction are accepted. In Pig. 3, ve shov a plot of the sky
(right ascension and declination). The crosses are shovers that pass the
smart trigger criteria over a 24-hour period in vhich three sources vere
being vatched, Cygnus X-3, the Crab, and Herc X-1. This trigger selects
events 1in a cone of half angle 9° and gives a trigger every I minutes vhen
a source is overhead.

Monte Carlo Calculations

Monte Carlo calculations vere performed to study the design and trig-
gering conditions of the array. These calculations included proton- and
gamma-ray-induced shovers. The primary energies vere sclected from a spec-
trum and the cores of these shovers vere throwvn over the area of the detec-
tor and the surrounding areas. The hadron component of these shovers wvas
simulated fully. Electromagnetic shovers vere folloved down to 500 GeV
vhere Approximation B vas used for longitudinal development. The radial
distribution of each sub-shover vas computed. Muon densities vere computed
for annular rings for each shover. Differing trigger conditions where
imposed and rates for each vere computed.

The results of the simulations shov that vith a trigger requirement of
10 counters, each having more than 2 equivalent minimua ionizing particlaes,
the effective threshold for proton shovers is 101¢eV, wvhile
ganma-ray-induced shovers have a threshold of 2 x 10i¢eV. The muon simula-
tion shoved that the E225 detector contained at least one muon for 80X of
proton-induced triggers. This number is consistent vith the observed num-
ber of 75X of shovers having one or more musns in data.

The Monte Carlo calculation vas alsv used to study reconstruction
algorithms. These simulations shoved that vith a timing resolution of 2 ns
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(for large signals) it vas possible to obtain a resolution of better than
0.65°2 for shovers that passed our threshold.

Reconstruction and Resolution of Events

The event direction is computed by fitting the shover arrival time
distribution. The showver front has a curvature, observed to be
(~10ns/60m); this is included in the fits. Counters are veighted in this
£it so that counters vith larger signals are given more significance. An
estimate of the resolution of these counters can be obtained by studying
the distribution of the quantity X2e2/v, vhere v is the number of degrees
of freedom, X2 e?/v should have the average value «f ¢®. For our shovers
this yields a value of 0 = 2ns for greater than three particles signal.

A test of the random reconstruction error in the array can be obtained
from data by the folloving procedurz: counters are divided into tvo groups
~ odd and even numsbered counters. Each group of counters 1is used
independently to reconstruct the arrival direction. The space angle be-
tveen these directions is found to have 2 median value of < 1°. This
predicts a resolution for the combined array of < 0.75%?., Work {s still
being done to improve this resolution.

Three independent tests of pointing accuracy are being undertaken.
First, the arrival direction of muons d 'tected in the E225 flash chambers
is being compared (o the air shover data. Preliminary results indicate
reasonable agreement betveen the tvo directicns, consistent with the
expected multiple scattering angle ¢f the muons in the shielding.

Second, a small Che enkov array has been deployed at the expuriment
site. This array viii be used to determine shover irection and enexgy in
a vay that is systenmatically different from the air-shover mothod. Tests
have been made with these counters and some date have been takei..

Third, ve plan to use our existing data to study the shadov of the
moon using ordinary hadron data. If our accuracy is greater than (1°?%),
then ve zhould see a substantial reduction of data in bins wvhich contain
the moon position. This technique may also vork vith the sun.

Status

The experiment has been in operation since early Maxch 1986 with more
than 40 scintillation counters and vith the MVPC information. Hore than
10¢ events have bean recorded. As of July 13, 54 counters are deployed,
and by the end of the year nearly 100 detectors vill compose an expanded
array of radius 90 a. The flash chaaber multiplexing scheme is opera-
tional, and data are being recorded on a regular basis.

An additional detector (E645) that can give information on muon number
and direction, 1is coming on line this summer to study the oscillations -¢
accelerator-produced neutrinos (Smith, '933). This detector, consisting of
liquid scintillator and drift tubes, in.s a horizontal area of 56 m? and an
overburden of 3000 g/cm?. Liquid scintillator information has been suc-
cessfully recorded for BAS triggers.



References

A. M. Hillas, Nature, 312, 50, 1984.
A. A. Stepanyan et al., Nature Pnyvs. Sci. 239, 40.1972.
B. M. Vladirmirski,A. M. Gal'per. B. I. Luchkov and A. A. Stepa-
nyan, Usp. Fiz. Nauk,145. 255, 1985, Soviet Phys. Usp.28.133, (1952} .
P. V. Ramanamurthy and T. C. Weckes. editors. Proc. of the Int. Work-
shop on Verv High Energv Gamuia Ray Astronomy, Ootacamand. India. 1982,
A.A . Watson. Rapporteur paper presented at the 19th Internationa! Cesmic
Ray Conference. La Jolla 1985.(t0 be published). This paper gives a complete
review of UHE gamma ray experiments.
M. Samorski and W. Stamn. Ap. J. Let1..268. 117, 1983.
M. V. Barnhill, T. K. Gaisser. T. Stanev and F. Halzen. Natuyre. 3)7.
409, 1985.
R. C. Allen et al, Phys. Rev. Lett. 55, 201, 1985.
E. S. Smith et al. "Search for Neurrino Oscillations at LAMPF™ pre-enied
at Moriond Conference on Massive Neutrinos and Astrophysics. Jan. 1055

Event 8 = 2873 I counters = 618

Max signal= B83.8 Nax time (ns)= 142.8

Fit ©= 37° #= 199° X:/cutr= .4
Nate - 4/19/86 Time - 17:53:43

St
H

,nw"

v I - — .
e I ‘l‘l:l R _
. | lC | o
QW. \/
Density Time
Fig 1. Density profile and arrival time of an EAS event.

Fig 2. Side view oi flash chambers. Fig 3. RA and Dec for smart trigger.



